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A. Data Analysis 
1. Fitting and Quantification of XPS Data. High-resolution XPS data were analyzed 
using CasaXPS software v. 2.3.16. A Shirley background was applied to all C 1s, F 1s and Si 2p 
spectra, except when analyzing small amounts of SiOx in the 102–104 eV range, for which a 
linear background was used. C 1s and F 1s data were fitted using a Voigt GL(30) function that 
consisted of 70% Gaussian and 30% Lorentzian character. Cl 2p data were fitted using a Voigt 
GL(90) function that consisted of 10% Gaussian and 90% Lorentzian character. Bulk Si 2p 
spectra were fitted with asymmetric Lorentzian convoluted with Gaussian line shapes of the form 
LA(e, f, g), where e and f determine the asymmetry of the line shape and g determines the 
Gaussian width of the function. LA(1.2, 1.4, 200) fit the obtained Si 2p spectra consistently, and 
the peak widths were set to be equal to each other. The SiOx contributions from 102–104 eV 
were fitted using the GL(30) function.  
The Si(111)–MMTFPA surfaces were terminated by mixed monolayers that had a large 
difference in thickness of the two terminating species.  Hence, a modified two-layer substrate-
overlayer model was used to determine the thickness of the desired overlayer species. An initial 
 S2 
average overlayer thickness was estimated by assuming that all surface Si sites were terminated 
by either –CH3 or TFPA groups, and the ratio of the C 1s photoemission signal at 284.2 eV (CSi) 
was determined relative to the signal at 288.0 eV (CF). The fractional coverage of TFPA groups 
was estimated using this method, and the average overlayer thickness was estimated using the 
calculated fractional coverage of –CH3 and TFPA groups in conjunction with the estimated 
thickness of each species shown in Scheme S1. With an estimated average overlayer thickness, a 
two-layer substrate-overlayer model was used to determine the thickness of the F monolayer 
(dA), as expressed by equation S1: 
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IA and ISi are the core level peak areas for the overlayer species A and for the Si substrate, 
respectively, SFA and SFSi are the sensitivity factors for the overlayer species A (SFF 1s = 1.00) 
and for the Si substrate (SFSi 2p = 0.328), respectively, ρA and ρSi are the densities of the overlayer 
species A (3.0 g cm–3 for hydrocarbon overlayers) and the Si substrate (2.3 g cm–3), respectively, 
and λA and λSi are the attenuation lengths for the photoelectrons arising from the overlayer 
species A (λF 1s = 1.6 nm)1 and from the Si 2p core level (λSi = 4.0 nm), respectively. The angle 
between the photoelectron ejection vector and the surface plane (φ) was 90°. The quantity (dA + 
dB) is the thickness of the mixed monolayer, which was estimated using the method described 
above. 
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Scheme S1. Estimated Thickness of –CH3 and TFPA Groups. 
 
 Samples with θTFPA > 0.15 ML often showed the presence of unreacted Si–Cl sites. The 
fractional ML coverage of Si–Cl was determined using eq S1, with SFCl 2s = 0.493 and λCl 2s = 2.8 
nm.1 The overlayer density, ρA, was assumed to be the same as for hydrocarbon overlayers, and 
the average overlayer thickness (dA + dB) was estimated as described above. The thickness of 1 
ML of Cl atoms was estimated to be the length of the Si–Cl bond (0.20 nm). The Cl 2p 
photoelectrons were assumed to be unattenuated by neighboring TFPA groups.  
Small concentrations of SiOx were detected on Si(111)–MMTFPA surfaces with 
θTFPA > 0.15 ML and on Si(111)–TFPA surfaces. For estimating the thickness of SiOx using eq 
S1, the quantity (SFSi/SFA)(ρSi/ρA) reduces to 1.3, and the quantity dA + dB reduces simply to dA. 
For this estimate, all photoelectrons originate in Si, so λA = λSi = 3.4 nm for photoelectrons 
attenuated by a SiOx overlayer.2-3 The thickness of 1 ML of SiOx was assumed to be 0.35 nm.1, 4-5 
 2. Calculation of Surface Recombination Velocity and Surface Trap State Density. The 
minority-carrier lifetime, τ, was determined by fitting the photoconductivity decay versus time 
data to an exponential decay equation.6 The surface recombination velocity (S) was estimated for 
a given value of τ using: 
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where a is the thickness of the Si wafer. The effective surface trap-state density, Nt, was 
determined from S using:  
 (S3) 
where σ is the trap-state capture cross section (10–15 cm2) and νth is the thermal velocity of the 
charge carriers (107 cm s–1). 
3. Determination of the Barrier Height by Current Density Versus Voltage Curve 
Analysis. Barrier heights, Φb, and ideality factors (n) were estimated for 2-electrode 
measurements performed in contact with Hg by fitting the linear region of the forward-bias 
portion of a semi-log current density versus voltage (J-V) plot to the thermionic emission model.  
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A** is the modified Richardson’s constant for Si (112 A cm–2 K–2 for n-Si and 32 A cm–2 K–2 for 
p-Si), kB is Boltzmann’s constant (1.381 × 10–23 J K–1), and T is the temperature in Kelvin (296 
K). By convention, the forward-bias region of the J-V curves was depicted and analyzed in the 
first quadrant. 
4. Determination of the Barrier Height by Analysis of Differential Capacitance Versus 
Voltage Data. Differential capacitance versus voltage (Cdiff-V) data were collected for Si/Hg 
junctions using a 2-electrode setup.  Nyquist plots were hemispherical, indicating a parallel RC 
circuit in series with a resistance Rs (Randles Circuit). Cdiff-V data were fitted across frequencies 
for which the measured phase angle was >80° and for which Bode plots were linear. The Mott-
Schottky equation was used to determine the flat-band potential, Vfb, of the Si 
S = a2τ
N t =
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σν th
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where C is the differential capacitance, q is the absolute value of the elementary charge (1.602 ×    
10–19 C), ε is the dielectric constant of silicon (11.8), ε0 is the vacuum permittivity (8.85 × 10–14 
F cm–1), ND is the dopant density determined from the measured resistivity, and AS is the junction 
area in cm2.  By convention, the applied DC bias was negative, and the obtained Vfb was positive 
for n- and p-type Si.  The barrier height (Φb,n for n-Si and Φb,p for p-Si) was calculated using: 
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where NC is the effective density of states in the Si conduction band (2.8 × 1019 cm–3), NV is the 
effective density of states for the Si valence band (1.0 × 1019 cm–3), and ND is the dopant density 
determined by four-point probe measurement to be 4.4 × 1015 cm–3 for n-Si and 4.0 × 1016 cm–3 
for p-Si.  
 5. Determination of the Barrier Height by Analysis of Differential Capacitance Versus 
Potential Data. Differential capacitance versus potential (Cdiff-E) data were collected in contact 
with decamethylferrocenium/decamethylferrocene (Cp*2Fe+/0) or methyl viologen2+/+ in CH3CN 
using a three-electrode setup. The data were collected versus a platinum wire pseudoreference 
electrode, and the flat-band potential Efb was determined versus the potential of the solution 
using eq S8 for n-Si and eq S9 for p-Si. 
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where E is the DC potential applied versus the potential of the solution.  The barrier heights, Φb,n 
and Φb,p, were determined versus the potential of the solution using 
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The calculated values for Φb,n were negative and the calculated values of Φb,p were positive. The 
reported values of Φb are unsigned in order to align with the common conventions for reporting 
Φb and to provide a direct comparison with the magnitudes of Φb determined by two-electrode 
measurements in contact with Hg. 
B. Discussion of Surface Recombination Velocity 
High concentrations of bulky groups in mixed monolayers can sterically block 
passivation of Si–Cl sites with –CH3 groups, leaving the unreacted sites susceptible to oxidation 
and formation of surface states.6-8 This expectation is consistent with the behavior of Si(111)–
MMTFPA surfaces with θTFPA > 0.2 ML, which had unreacted Si–Cl sites that likely contributed 
to increased surface recombination velocity, S, for surfaces with high θTFPA. Mixed methyl/allyl6 
and mixed methyl/propionaldehyde8 monolayers, which were formed using Grignard reagents 
only, exhibited S < 100 cm s–1. Mixed methyl/thienyl monolayers,7 prepared using 2-
thienyllithium, exhibited S < 100 cm s–1 for θSC4H3 < 0.3 ML. However, the Si(111)–MMTFPA 
surface exhibited significantly higher S, even for θTFPA = 0.15 ML (Figure 3), than has been 
observed for other mixed monolayers.  
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Small-molecule silanes have been shown to undergo cleavage of the Si–Si bonds in the 
presence of organolithium reagents, such as methyllithium.9-10 Furthermore, addition of 
organolithium reagents to H-terminated porous Si surfaces has been proposed to proceed by 
cleavage of Si–Si bonds.11-12 The reaction of 1-propynyllithium with Si(111)–Cl surfaces also 
yields samples with S = 1.0 × 103 cm s–1 (72 h after preparation), despite near complete 
termination of the Si atop sites with Si–C bonds.4 However, reaction of CH3Li with Si(111)–Cl 
surfaces is known to yield samples with S values comparable to those of samples prepared by 
reaction with CH3MgCl.7 Thus, the chemical nature of the organolithium reagent plays an 
important role in properties of the resulting functionalized surfaces. CH3Li could form surfaces 
with low S because the small size of the –CH3 group kinetically allows for passivation of all 
Si(111) atop sites without the breaking of Si–Si bonds. Hence, a route that utilizes only Grignard 
reagents to attach the bulky group to Si(111)–Cl surfaces for the synthesis of mixed methyl 
monolayers could be required to obtain low S values at functionalized Si(111) surfaces. Grignard 
reagents formed from terminal acetylides have been observed to undergo undetectable or slow 
reaction with Si(111)–Cl surfaces,4 and consistently, reaction of the Grignard reagent 3,4,5-
trifluorophenylethynylmagnesium chloride with Si(111)–Cl at 50 °C yielded a maximum θTFPA < 
0.05 ML. Thus, the organolithium reagent, LiTFPA, used herein for the synthesis of Si(111)–
TFPA and Si(111)–MMTFPA surfaces, was necessary to achieve the reported monolayer 
compositions and shifts in the band-edge positions. 
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C. Supporting Figures 
 
Figure S1. The Teflon reaction vessels used to isolate the Al-coated side of p-Si electrodes to 
allow for reaction on one side of the wafer without etching away the Al layer. The assembled 
vessel (top) is shown along with the separate aluminum base, Teflon well, and Teflon cap. 
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Figure S2. TIRS data for a Si(111)–MMTFPA surface with θTFPA = 0.16 ML collected at 74° 
with respect to the surface normal. The symbols ν, δ, and ρ indicate stretching, bending, and 
rocking motions, respectively, and the subscript “Ph” indicates modes associated with the phenyl 
ring. The spectrum was referenced to the Si(111)–H surface. The peak at 1533 cm–1 and the 
surrounding satellite peaks were attributed to skeletal C–C stretching in the phenyl ring. The C–F 
stretching was convoluted with the symmetric C–H bending peak, appearing at 1253 cm–1. 
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Figure S3. XPS data for the Si(111)–TFPA surface with θTFPA = 0.35 ML. The survey spectrum 
(a) exhibited signals from Si, C, O, F, and Cl. The high-resolution C 1s spectrum (b) showed 
signals ascribable to C bound to Si (CSi), C bound to C (CC), C bound to O (CO), and C bound to 
F (CF). The Si 2p high-resolution spectrum (c) showed peaks attributed to bulk Si0 with no 
detectable high-order SiOx (magnified region). The F 1s high-resolution spectrum (d) showed a 
single peak ascribable to F bound to C. The Cl 2s high-resolution spectrum (e) showed a single 
peak indicative of unreacted Cl bound to Si. 
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